smoking, socioeconomic status, and genetic predisposition [2, 3] . In addition to these factors, the involvement of persistent organic pollutants (POPs), such as dioxins and polychlorinated biphenyls (PCBs), in the increasing prevalence of diabetes has also been considered. Observations of occupational or accidental exposure to high levels of POPs have suggested a relationship between POPs and diabetes [4] [5] [6] [7] [8] [9] . US Air Force veterans who participated in the spraying of aerial herbicide during the Vietnam War had higher levels of serum 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), compared with veterans who performed other tasks, and exhibited a significantly higher prevalence of diabetes, increased use of medicines for diabetes, and a shorter duration until the onset of diabetes [4] . A cross-sec-associations between POPs (35 PCB congeners, nine organochlorine pesticides, ten polychlorinated diphenyl ether congeners and one polybrominated biphenyl conger) and the prevalence of diabetes defined by the prescription of hypoglycemic medication or an FPG level ≥ 126 mg/dL at two or more blood tests [15] . A cross-sectional study in Belgium found significantly negative associations between PCB 170, 180, and the PCB total and insulin resistance [16] . Therefore, the effect of low levels of POPs apparently varied among studies, and further investigation is needed to determine whether POP exposure may be a risk factor for diabetes.
In the present study, 13 PCB congeners that are regarded as commonly present among Japanese adults were measured [17] , and the associations with diabetes were assessed in middle-aged obese Japanese people without apparent exposure to POPs.
Subjects and Methods

Study population
This study was performed among the participants of the Saku Control Obesity Program (SCOP), the details of which have been described previously [18] . Briefly, the program consisted of a randomized intervention trial using cognitive-behavioral treatment at the Saku Health Dock Center. People who had undergone health checkups at the center were registered in the database, and 976 members aged 40 to 64 years who were free of type 1 diabetes or severe diseases such as stroke, cardiovascular disease, advanced cancer or significant renal or hepatic dysfunction and had a body mass index (BMI) in the upper five percentile (28.3 or above at their last medical checkup) were invited. A total of 235 people agreed to participate in the SCOP, and anthropometric measurements, various biomarkers and questionnaires regarding dietary habits, lifestyle, past and present medical history, and family history were obtained at baseline and during a follow-up examination. The participants were randomly assigned to two groups; group A, who participated in a lifestyle intervention program during year 1, and group B, who participated in the same intervention program during year 2. All the procedures were reviewed and approved by the ethical committees of the National Institute of Health and Nutrition and Saku Central Hospital, and written informed consent was obtained from all the participants. tional study examining the effect of occupational exposure to TCDD among US workers showed a positive association between the TCDD concentration and the risk of diabetes and a higher fasting serum glucose level [5] . In a follow-up study of Italian citizens who were exposed to TCDD as a result of an industrial accident that occurred in 1976, a significantly elevated diabetesrelated mortality was observed among women [6] [7] [8] [9] .
However, the relationship between exposure to low levels of POPs and diabetes is less consistent. A crosssectional study of a general population in the USA indicated that the prevalence of diabetes, as determined by a fasting plasma glucose (FPG) level ≥ 126 mg/dL, a non-FPG level ≥ 200 mg/dL, or a self-report of diabetes diagnosed by a physician, was associated with the concentrations of 2,2',4,4',5,5'-hexachlorobiphenyl (PCB 153), 1,2,3,4,6,7,8-heptachlorodibenzo-p-dioxin (HpCDD), 1,2,3,4,6,7,8,9-octachlorodibenzo-p-dioxin (OCDD), oxychlordane, p,p'-dichlorodiphenyltrichloroethane (DDE), and trans-nonachlor [10] . Another cross-sectional study of a Native American population concluded that the total PCB concentrations of 101 PCB congeners, PCB 153, PCB 74, DDE, and hexachlorobenzene (HCB) were positively associated with diabetes, as defined by an FPG level > 125 mg/dL or the use of hypoglycemic medication [11] . PCB 126, along with polychlorinated dibenzo-p-dioxin and p,p'-DDT, was considered in a general population in the USA, and a significant association was found with diagnosed diabetes and undiagnosed diabetes, which was defined as an HbA1c level > 6.1% [12] . Among the general population of Japan, a cross-sectional study measured seven polychlorinated dibenzo-p-dioxins (PCDDs), ten polychlorinated dibenzofurans (PCDFs) and 12 dioxin-like PCBs and showed that the accumulated toxic equivalents (TEQs) of these compounds were positively correlated with the HbA1c level [13] . In addition, the prevalence of diabetes, as defined by the self-reporting of physician-diagnosed diabetes or an HbA1c level > 6.5%, was positively associated with the accumulated TEQs of dioxin-like PCBs [13] .
On the other hand, some studies have not confirmed a positive relationship. A cross-sectional study among Greenland Inuit did not find any association between subclasses of 13 PCB congeners and organochlorine pesticides and the prevalence of diabetes, as detected using a 75-g oral glucose tolerance test (OGTT) or self-reporting [14] . A nested case-controlled study of African-American and white youths showed nonlinear sured by the previous Japanese standard substance and measurement methods and HbA1c (NGSP) [22] .
Statistical analyses
The association between exposure variables and the prevalence of diabetes was estimated using odd ratios, 95% confidence intervals, and p values obtained from multiple logistic regression analyses. Three models were applied to analyze the associations between the prevalence of diabetes and the serum PCB concentrations. In the first model, the directly measured wet weight concentration (pg/g blood) of PCBs was applied with age (continuous variable), sex (dichotomous variable) and BMI (continuous variable) as potential confounders. Next, the serum total lipid value was added as an adjustment. In the third model, the lipid-adjusted PCB concentration (ng/g lipid), age, sex and BMI were included in the model.
All analyses were performed using Stata SE 10.1 (StataCorp LP, TX, USA), and p values less than 0.05 were considered statistically significant.
Results
The basic characteristics of the participants are summarized in Table 1 . Among the 117 group A members, 59 (50.4%) were male and 58 (49.6%) were female. Fifteen (12.8%) were classified in the definite diabetes group, and 32 (27.4%) were classified in the all diabetes group. No significant differences in the mean values of data for the diabetes and non-diabetes groups were observed except for the HbA1c and FPG levels. Table 2 summarizes the blood PCB congener levels among the participants. All the congeners were skewed to the right. Mean of their concentration was higher among older age group people for all of the PCB congeners. PCBs that were common within the participants were PCB 153, 180, 138 and 118, and this tendency was similar in other studies measuring these congeners among the population [17, 23] .
The results of the multiple logistic regression analyses with definite diabetes as the dependent variable are shown in Table 3 . PCB 146 and 180 had a statistically significant positive association with definite diabetes, and PCB 163/164 and 170 had a significantly negative association with definite diabetes when the PCB congeners were adjusted for sex, age and BMI. An additional adjustment for total lipids did not change the significance of these associations. When the analyses were
Blood sampling and PCB congener-specific analysis
One hundred seventeen people participated in group A, and each participant provided a whole blood sample at baseline examination. The blood samples were obtained by venipuncture after fasting, and 2 mL of the sample was used for the PCB analysis. The PCB congeners that were measured were PCB 74, 99, 118, 138, 146, 153, 156, 163/164, 170, 180 and 182/187. These congeners reportedly account for 75% of the total amount of detected PCBs among healthy Japanese adults [17] . The PCB congeners were analyzed using high-resolution gas chromatography/high-resolution mass spectrometry (HRGC/HRMS) at Otsuka Pharmaceutical Co. Ltd. (Tokushima, Japan) using a method described in detail elsewhere [17] .
The obtained PCB concentrations were measured in units of pg/g blood; however, PCB concentrations are often expressed in terms of lipid weight because of the lipophilic nature of POPs and the invariability of lipid-adjusted PCB values, regardless of fluctuations in serum lipid levels [19, 20] . To correct for the serum total lipid level and obtain the lipid-adjusted PCB value (ng/g lipid), the measured PCB concentration in pg/g blood was divided by the total lipid value, as calculated using the short formula proposed by Phillips et al. [19, 20] as follows:
Total lipids (mg/dL) = (2.27 × total cholesterol) +triglycerides + 62.3 The resulting value was then multiplied by 10 2 to adjust the unit.
Evaluation of diabetes
Diabetes was diagnosed based on blood test results, prescribed medication, and the medical history. Subjects with an HbA1c level ≥ 6.9% or a prescription for a hypoglycemic medicine were regarded as the 'definite diabetes' group. In addition, a broader definition was also considered and consisted of the combination of a FPG level and HbA1c measurements indicative of diabetes [21] , since conducting a 75-g OGTT in all the participants was not practical for the detection of undiagnosed diabetes. Accordingly, subjects with an FPG level ≥ 126 mg/dL, an HbA1c level ≥ 6.5%, a prescription for hypoglycemic medicine, or a history of physician-diagnosed diabetes were defined as the 'all diabetes' group. The value for HbA1c (%) was estimated as an NGSP equivalent value (%) calculated by the formula HbA1c (%) = HbA1c (JDS)(%) + 0.4%, considering the relational expression of HbA1c (JDS)(%) mea- 80.9 ± 8.5 81.0 ± 13.5 82.9 ± 13.0 80.2 ± 12.9 Definite DM: subjects with an HbA1c level ≥ 6.9% or a prescription for hypoglycemic medicine. All DM: subjects with an FPG level ≥ 126 mg/dL, and HbA1c level ≥ 6.5%, a prescription for hypoglycemic medicine, or a history of diabetes. Data are the mean ± standard deviation. Total lipid was estimated from the measured total cholesterol and triglyceride levels.
Discussion
Statistically significant associations between the PCB congener concentrations and the prevalence of diabetes were observed among middle-aged Japanese obese adults. PCB 180 was positively and PCB 163/164 was negatively associated with both the definite diabetes and the all diabetes groups, regardless of adjustments for possible confounding factors. A positive association between PCB 146 and diabetes was observed except in the analysis using lipid-adjusted PCB concentrations in the definite diabetes group, and a negative association for PCB 170 was observed in the definite diabetes group.
To date, information about the relationship between specific PCB congeners and diabetes is limited. Many performed using the lipid-adjusted PCB concentrations, the significance of the positive relation between PCB 146 and definite diabetes was attenuated, but the positive association with PCB 180 and the negative association with PCB 163/164 and 170 remained.
On the other hand, broadening the definition of diabetes to include all diabetic participants attenuated the association between the PCB levels and the risk of diabetes (Table 4) . PCB 146 and 180 continued to have positive associations with definite diabetes, but the significance of the negative association with PCB 170 was lost and only PCB 163/164 maintained a significant negative association. Adding total lipids as a potential confounder or using the lipid-adjusted PCB values did not change the significant associations with PCB 146, 180 and 163/164. insulin resistance [16] . These findings suggest that PCBs may be positively or negatively associated with insulin resistance and diabetes. As the PCB 170 concentration was especially low among obese people [16] , PCB 170 may have a stronger weight reduction effect, compared with the other congeners. The participants of the present study were extremely obese subjects in the Japanese population; therefore, the effect of obesity might have been pronounced.
The strength of the present study is that diabetes was ascertained using a blood test, as a certain proportion of undiagnosed diabetes exists among the general population. In fact, among the participants of this study, there were only nine self-reported physician-diagnosed cases of diabetes, but blood sample measurements enabled the identification of six undiagnosed cases of diabetes using the definite diabetes criteria and 23 cases using the all diabetes criteria.
Nevertheless, the present study also has several limitations. First, because of its cross-sectional design, the cause-effect relation could not be explained. Although the elimination rate of TCDD has been suggested to be unrelated to the presence of diabetes among US veterans [36] , implying that the difference in blood TCDD levels occurred before the development of diabetes, the difference in elimination rates among PCB congeners is not well known.
Environmental exposure to PCBs is more complicated than occupational or accidental exposures. Food and inhalation are the main routes of intake, and metabolism and excretion are related to elimination; however, such factors have not been fully explored. Meat, dairy products and fish are the major sources of PCBs, and the consumption of certain types of fish is correlated with certain types of PCBs [25, 37] ; however, appropriate data that would enable adjustments to the analyses were not available for the present study population. The possibility that the negative association between PCB congeners and the prevalence of diabetes was due to the protective effect of n-3 polyunsaturated fatty acids contained in fatty fish cannot be denied, considering that the blood levels of dioxins and PCBs are well correlated with fish consumption [38] . The number of parities and lifetime lactation may influence the elimination of PCBs [39] , but this information was also not considered. Further studies that include such missing data may clarify the robustness of the present findings.
In conclusion, PCB 180 had a positive associaepidemiological studies have focused on TCDD, which is known to cause dermal toxicity, neurotoxicity, immunotoxicity and carcinogenicity, as well as PCB 153, which is thought to be correlated with the total amount of PCBs and may be useful as an indicator substance of multifarious PCBs [24] . Recent studies have measured more PCB congeners in detail; however, analyses were performed using the accumulated TEQs [13] or the total/subtotal sum of PCB congeners [14, 25] , and differences in the specific effects of PCB congeners have rarely been reported. Knowledge from experimental studies is also insufficient. The biological pathway is thought to include interactions among aryl hydrocarbon receptor (AhR) [26] , peroxisome proliferator-activated receptor (PPAR) [27] , and type 4 glucose transporter (GLUT4) [28] , but these findings have mainly been obtained for TCDD, and the biological functions of PCB 146, 163/164, 170 and 180 are not known in detail.
Although the results of previous studies have not exactly supported the findings of the present study, the influence of PCBs on diabetes through indirect mechanisms can be considered. Many cross-sectional studies have shown that PCBs correlate positively with BMI, which may increase insulin resistance and the risk of diabetes. A positive relation was observed between BMI and serum level of PCB 180 [29] and the sum of PCB 118, 138, 153 and 180 [30] . Other studies investigated that total PCB concentration of 101 congeners and the concentrations of PCB 74, 99, 153 and 206 were inversely associated with the serum testosterone levels in men [31] , and lower testosterone levels are correlated with higher insulin resistance [32] and a higher risk of diabetes [33] . In addition, testosterone replacement for hypogonadal men with diabetes reduced their insulin resistance and improved their control of diabetes [34] . Therefore, PCBs may be partly responsible for the development of diabetes by lowering the testosterone level and increasing insulin resistance, even though PCB 146, 163/164, 170 or 180 was not associated with BMI in the present study.
On the other hand, there were studies showing inverse relationship between PCBs and insulin resistance. There were cross-sectional studies reporting that the serum levels of PCB 118, 138, 153 and 180 [35] , PCB 153, 170, 180 and the sum of these PCB congeners and PCB 138 were inversely associated with obesity, while the concentrations of PCB 170, 180 and the sum of the PCBs were correlated negatively with
